The total and single-hadron inclusive cross sections and energy, momentum, and multiplicity distributions from the two photon process in electron-electron scattering are estimated from the photon-hadron analogy and Regge behavior. Corrections to this estimation and the possible relationships between the electron-electron and electronpositron cross sections are discussed.
There has been extensive discussion on the production of various exclusive final states in electron-electron (e-e-) scattering via two photon process' but the inclusive features of hadron distributions in this reaction, such as the average multiplicity, single particle spectra, etc. , have hardly received as much attention. A better understanding of the latter is important, particularly in view of the unexpected behavior of the hadron production in electron-positron (e+e-) scattering.
2 In order to see whether there may be also some unexpected behaviors in e-e-scattering, we first have to ask what are expected for the total and inclusive cross sections. A calculation of these cross sections can also serve as estimates of the hadron counting rates in the future e-e-experiments and the background in the e+e-cross section from the "normal" two photon process.
In the conventional theory of quantum electrodynamics, the hadron production cross section in e-e-scattering is dominated by the tiyo photon process e-+ e-+ e-+ e-+ y* + r* + e-+ e-+ hadrons ,
as illustrated in Fig. la . Since the dominant contribution from this process is restricted in the kinematical region where the masses of both virtual photons are very small, most of the final state electrons are scattered along the beam direction and difficult to detect. Therefore, instead of studying the hadron production the subprocess Y" +-Y* --t hadrons (2) at fixed total y*y* energies, it is more natural to study reaction (1) at fixed e-e'-center of mass (c. m. ) energies with the kinematical variables of the two final state electrons integrated over the allowed phase space. In this manner, we shall discuss the features of the total and inclusive cross sections predicted from the Regge theory, its corrections, and possible deviations from these predictions that may be related to the e'e-reactions.
In the equivalent photon approximation, 3-5 the total cross section for reaction (1) can be written as
where E is beam energy in colliding beam experiments, me is the electron rest mass, s = 4E 2 is the square of the total invariant mass, w,, and w 2 are the photon energies in the e-e-cm frame, s ' = 4w1w2 is the square of the invariant mass of the hadrons, so is a certain threshold energy for hadron production or cut off in the hadron energy, and u YY-hadrons is the total hadron production cross section for y-y scattering.
There are at least two possible mechanisms contributing to (T YY -, hadrons ' namely, the pho ton-hadron analogy 4-6 and the parton pair production. 7 The first one is a generalization of the fact that the photon can interact with hadrons like another hadron (vector meson) and the second one follows from the parton models that the two photons can create a parton pair which subsequently annihilate into hadrons. The difference in these two mechanisms has been discussed in Ref. 7 . Sfnce the photons in reaction (1) are predominantly near their mass shells, the photon-hadron analogy part is believed to be more important and shall be discussed first.
Using the photon-hadron analogy and regge behavior, the cross section has been estimated by various authors. 4-6 "y y -. hadrons Assuming that it is dominated by the pomeron and leading secondary trajectories, we have "y y -hadrons (s') = a + -
Substituting Eq. (4) into Eq. (3a), the total cross section can be analytically evaluated. First few leading terms of o are (5) Notice that, since the photon spectra are peaked at low values of s', the integrated cross section in Eqs. (3) and (5) 
With these values for a and b, CT is plotted in Fig. 2 processes asymptotically can contribute to o with higher powers of Pn (s/so) but are negligible for the present consideration.5
Observing a total cross section comparable to the prediction of a particular model is hardly sufficient to verify the model. Therefore, we must study some other features of the hadron production as predicted by the regge model.
Certain features of the hadron distributions in reaction (1) can be readily discussed from Eqs. (3) and (4) without invoking the details of the single hadron inclusive spectra. A few of them are the total invariant mass, energy, momentum, and multiplicity distributions of the hadrons. The average invariant mass is given by <&z-, ~(~)y*q-'
Pn-c sO (7) which asymptotically behaves like s 1'2/ [ fn(s/s,)]'. Notice that, while both the pomeron and secondary trajectories can contribute comparable amounts to U, only the former contributes in the high s I region. As a result, < fi > is more sensitive to the pomeron contribution. It should also be obvious that if a cut off, so, is imposed on s', < ,/-& will depend on s o. In general, the average value is somewhere between 1 to 2 GeV for 1.5 GeV < E < 4.5 GeV, as --illustrated in Fig. 3a .
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In each event from reaction (l), the hadronic system should have a net longitudinal momentum in the e-e-cm frame, since in general the two virtual photons are not emitted with equal and opposite momenta. According to the photon spectra and the cross section (jy y -hadrons ' this momentum distribution is given by
where w = w -w 1 2 is the total momentum of the hadrons in the e-e-cm frame and w + = w1 + w2 is the total energy. Substituting Eq. (4) into Eq. (8)) the momentum distribution can be analytically evaluated. Although neither the final state lepton nor the total hadron (including neutrals) momentum can be easily measured, a checking of the total observable hadron momentum against Eq. (8) can still give us some qualitative feeling about the role of this particular mechanism in reaction (1). In Fig. 3b , we have plotted the average magnitude of w-, < I w-1 > , as a function of E. It increases with E and behaves like E/fn(s/s,) at high energies. For E between 1.5 GeV and 4.5 GeV, < I w I z varies from 0.5 GeV to 1.5 GeV and therefore sizable net momentum should be observed. Due to this fact, the total energy of the hadron, w+, is always greater than the total invariant mass, fi . The energy distribution also can be obtained from Dq. (8) by the simple substitution w+ ww and appropriate change of the integration limits. The average value of the total energy, < w+ > , is plotted in Fig. 3c . It is comparable with E which is half of the total e-e-cm energy, at lower energies, becomes approximately half of E at higher energies, and increases like E/fn(s/s,) asymptotically.
Although the average hadron multiplicity, <n > , can not be obtained from Eqs. (3) and (4) alone, it is also possible to obtain without knowing much details of the hadron spectra. It has been observed in purely hadronic reactions8
and 'yp scattering' that the average multiplicity for a given hadron, iih, increases logarithmically with total energy s. According to the Mueller Regge analysis, 10
ii (s ) is given by
and ch is independent of the initial particles if the pomeron is a factorizable Using the photon-hadron analogy, the average multiplicity in the subprocess (2) at any s' should also be given by Eqs. (9) and ( 
Thus the single hadron inclusive distribution in reaction (1) 
where x$ = 2pz/ ,f? and x* are given by Eqs. (13) and (14) in terms of p II' Pl ' wl' and w 2' The e-function is the energy conservation constraint in the subprocess (2). Strictly speaking, Eqs. (12) and (15) are valid only at very high energies, while the y y cm energy is always very low in reaction (1) 
A comparison of Eq. (16) with the data is shown in Figs. 4 and 5. Obviously, this parameterization is too simple to accurately describe data. In particular, the correlation between the x*-dependence and pI -dependence is neglected and the peak near x* = 1 is not reproduced in Eq. (16). The peak is predominantly due to the pions decay from the "elastic" p production, y + p -p" + p.
In reaction (l), there also can be such a peak due to the pions decay from the llelasticll process, y + y -+ p" + p". However, this peak will not be present for p 2 1.5 GeV and, for &' above this energy, will be smoothed out in the e-e-cm frame by integrating over the y y cm energy and momentum. Because of these over simplified approximations, we want to stress that Eq. (16) is used only as a rough estimation of the hadron distribution.
We can also introduce the Feynman scaling variable x = p ,, /E for the inclusive distribution (15). Although neither will this distribution exhibit scaling nor will the total cross section for reaction (1) reach a constant, it can be shown --that if fi' scales, f"h e (E, p,, , pI )/ o exhibits Feynman scaling at x = 0 and behaves like (Qns/s,)-l , for 0 <x < 1. This behavior is illustrated in Fig. 6 .
Notice that the x-dependence is quite different from that in Eq. (16), simply because of the momentum spread of the y y cm frame and the sharp fall off of of the photon spectra in s'. The angular dependence of the inclusive spectrum also can be studied from Eqs. (18), (15) for reaction (2) . From light cone arguments, the parton annihilation contribution to reaction (2) Besides the hadronic states, with even C, the ones with odd C can also be produced in e-e-scattering. The most important mechanism for the latter is shown in Fig. Id , where a massive time-like photon is emitted from one of the -electrons and subsequently decay into hadrons. The spectrum of this virtual photon can be calculated from quantum electrodynamics and the hadron spectra from the decay of the virtual photon can be obtained from the inclusive spectra Possible mechanisms for the cross section to deviate from Eq. (17) can be attributed mainly to zero, one, or two photon processes.
For the possibility of the zero photon processes, it implies that the leptons can directly interact with hadrons. Depending on the details of the models for such interactions, the e-e-cross sections may or may not be affected. For example, take the simplest model in which the e+e-cross section is given by the scattering of two geometrical objects, as motivated by the apparent constancy of u + _ , then so would be the e-e-cross section. Since ee -hadrons the former is much larger than the estimate given by Eq. (3), a substantial deviation from this equation should be observed. On the other hand, more complicated models can make a certain mechanism enhanced in one reaction and suppressed in another. If the e'e-reaction can be mediated by a meson which directly couple to e+e-with a strength of the order of CY and strongly decay into observed hadrons , than the single virtual meson annihilation contribution to o + _ can be at least comparable to the one given by Eq. ee -hadrons (17). On the other hand, although this meson can also mediate e-e-scattering via a process like the two photon process, its contribution can be suppressed relative to the one in Eqs. (2) and (3) If the observed e+e-cross section is indeed due to the one photon process, then it is necessary to consider contributions other than the one given by Eq.
(17). One such possibility, within the parton models, is simply that the parton loop diagram is not a good approximation at present energies, where the parton fragmentation regions can overlap and therefore the cross section is not given by an incoherent sum as in Eq. (17). If this is the case, the parton annihilation contribution to reaction (2) also can not be estimated by the loop diagram alone and it is interesting to see if this contribution can become comparable to the photon-hadron analogy part. A second possibility, also for the parton model, is the presence of the parton form factors. l5 In the model of-Ref. 15, the effects of the form factors are enhanced only for the very virtual photons and therefore will not contribute to reaction (2) . Yet another possibility for the one photon process is the presence of some J = 1, odd C, high mass, broad near the available e'e-energies. It would be interesting to see if there are also such resonances in the even C channels. But due to the fact that s' is much smaller than s , high mass resonances can hardly be produced in e-ecollisions.
The possibility of the two photon process being responsible for the observed e+e-cross sections trivially have direct implications on reaction (2) . As seen from our esitmates, such cases would require certain "anomalous" behavior in the two photon process itself in order to produce a large cross section.
To conclude, we have estimated the Regge contribution to the total and single hadron inclusive cross sections and the energy, momentum, and multiplicity distributions in reaction (2) . Whether there will be substantial deviations from our estimates would discriminate certain classes of models for the e+e-reaction. If such a deviation is present, then a much better understanding for the e-e-, +-as well as e e , reaction should be needed. . 
